Here, we present a sample preparation approach that simplifies the thinning of very brittle wide bandgap semiconducting materials in cross-section geometry for (scanning) transmission electron microscopy. Using AlN thin films grown on sapphire and AlN substrates as case studies, we demonstrate that high-quality samples can be routinely prepared while greatly reducing the preparation time and consumables cost. The approach removes the sample preparation barrier to studying a wide variety of materials by electron microscopy.
Introduction
In recent years, the study of semiconducting materials has been dramatically advanced by new developments in atomic resolution electron microscopy. For example, we have seen the imaging of individual dopants, atomic scale chemical mapping, atom counting and the determination of atom column positions with picometre-scale precision (Voyles et al., 2003; d'Alfonso et al., 2010; LeBeau et al., 2010b; Yankovich et al., 2014; Sang & LeBeau, 2014) . Application of these techniques, however, typically requires high-quality samples with regions as thin as several unit cells for meaningful and quantifiable data. Often, such samples can only be prepared by conventional polishing and ion milling. After the development of tripod and Multiprep wedge polishing, this process has become routine with high yield for traditional semiconductors such as Si or even GaAs.
For wide bandgap materials that are often hard and brittle, e.g. GaN on sapphire or SiC, conventional preparation of electron transparent samples can be a long, arduous process with low yields. One of the most important sample preparation approaches is wedge polishing, which can produce extremely e-mail: jmlebeau@ncsu.edu thin sample areas with minimal surface damage (Voyles et al., 2003; LeBeau et al., 2010a; Hwang et al., 2013) . When wedge polishing brittle materials, however, the thin area near the wedge tip can readily crack or cleave, leaving the remaining sample relatively thick as highlighted in Figure 1 . As an example, a previous wedge polishing study reported that the preparation of thin films of GaN on a sapphire substrate requires very careful monitoring that results in a long time commitment at the final thinning steps (Okuno et al., 2008) .
To avoid cracking and cleaving, films with fine particle sizes, slow rotational polishing speeds and low pressures must be used. For very hard and brittle materials, this results in an unreasonably long polishing time to achieve thin regions and in many cases cracking can persist. After polishing, ion milling is often required to create extremely thin samples. Furthermore, interpretable imaging of the specimen structure requires that the sample is not damaged during this final thinning step. Unfortunately, many deleterious effects can occur during the milling process such as amorphitization or redeposition of sputtered material (Barna et al., 1999; McCaffrey et al., 2001) . To minimize these problems, the sample can be prepared as thin as possible before ion milling, which is again often challenging for brittle materials.
New sample preparation approaches to overcome these challenges are thus desired, particularly for III-nitrides. These materials are a classic example of brittle samples that can be notoriously difficult to prepare due to excessive cracking and cleaving. For example, AlN has a higher hardness and lower fracture toughness than sapphire, resulting in inevitable cracking and long polishing times. Anecdotally, we have found AlN to be one of the most difficult materials to prepare for electron microscopy. To the best of our knowledge, a quick and reliable method to easily prepare high-quality III-nitride materials has yet to be reported.
In this study, we present a method to minimize the difficulties encountered when preparing samples for transmission electron microscopy (TEM) that are hard and brittle. We demonstrate the approach using single crystals of AlN and III-nitride thin films on sapphire. We show that by polishing the substrate of a brittle material, the problematic nature of hard and brittle materials is mitigated during each polishing step. By combining the advantages of Si polishing with our new method to minimize the substrate thickness, we compare results from our method with conventional wedge polishing. We show that brittle samples can be readily prepared within a period of a few hours, reducing the polishing time by more than a factor of 4 in the case of AlN. By contrast to conventional preparation, TEM samples prepared by substrate thinning require minimal ion milling to achieve extremely thin areas. Finally, we demonstrate the sample quality using various scanning transmission electron microscopy techniques.
Preparation details
Two sample types were selected for demonstration of the substrate polishing preparation method: an AlN substrate and an AlN thin film grown on a sapphire substrate. The samples were first sectioned into 2 mm × 2 mm squares using an diamond abrasion saw (Allied High Tech, Rancho Dominguez, CA, USA). These squares were then mounted face side down onto a TEM lapping paddle (Allied High Tech) using Crystalbond wax, as shown schematically in Figure 2 (A). For comparison, the samples were prepared using both the substrate thinning approach described here as well as the conventional cross-sectional wedge polishing approach (Voyles et al., 2003) .
The sample squares were backside polished to ∼50 µm using lapping films of 30 and 9 µm using a Multiprep system (Allied High Tech). For AlN, SiC lapping films were used, and for sapphire, diamond lapping films were used. Squares of silicon with the same dimensions were then affixed to the substrate with M-Bond 610 to form Si-stacks (Fig. 2 B) . The attached Si is used as an aid the polishing process. In many cases, cross-sectional stacks with very thin substrates may be difficult to polish due to the limited contact area between the stack and the TEM lapping paddle. As a result, the stack has a high probability to separate from the lapping paddle during polishing. By contrast with Si attached to the sides of the sample, the overall contact area increases thereby greatly reducing the opportunity for the sample to detach. Further, Si has many benefits during polishing. One of which is the change in colour as the sample is thinned. During flat polishing, silicon changes colours from red to yellow as the sample is thinned (McCaffrey et al., 1996; Mccaffrey & Hulse, 1998) . Further, due to silicon's refractive index and light absorption characteristics, thickness fringes only appear once the sample is relatively thin (<2 µm).
To cure the M-Bond 610, the samples were then heated at 160
• C for 2 h. Alternatively, Epoxybond 110 (Allied High Tech) can be used to reduce curing time to 5 min. The Sistacks were then placed in a dish of acetone to detach them from the lapping paddle and clean the residual wax from the sample surfaces. Upon removal from acetone, the samples were immediately submerged into high-purity isopropanol for final cleaning and then removed and allowed to air dry. The Sistacks were then epoxied together with M-bond 610 and the material of interest facing into the centre of the stack. The final stack was then cured at 160
• C for 2 h. One side of each stack was then polished in cross section, as shown schematically in Figure 2 (C), until a uniform surface finish was achieved using 9, 3, 1 and 0.1 µm diamond lapping films (AlN and AlGaN/sapphire). During this stage, the overall sample thickness remained relatively thick (between 500 µm and 1 mm). The samples were then flipped and polished with 30, 9 and 3 µm diamond lapping films in sequence until 30 µm of sample thickness remained. A 3.5
• wedge angle was then applied using 1 µm lapping films until the leading edge was a few micrometre thick based on the Si colour (McCaffrey et al., 1996) . As a final polishing step, 0.1 µm lapping films were used to thin the wedge until thickness fringes were observed in the Si. For final thinning, low-energy ion milling was performed at LN 2 temperatures with a Fischione 1050 TEM mill.
Imaging was performed using a probe-corrected FEI G2 Titan 60-300 kV STEM operated at 200 kV with a 20 mrad convergence semiangle. The probe current was 50 pA as measured using a Gatan UltraScan XP CCD calibrated by the electron energy loss spectrometer drift tube method (Ishikawa et al., 2014; Sang & LeBeau, 2016) . To improve the image signal-to-noise ratio, and better evaluate the sample surface quality, a series of 20 frames were acquired and averaged using revolving STEM (RevSTEM) (Sang & LeBeau, 2014) . For thickness determination, position averaged convergent beam electron diffraction (PACBED) was employed and matched with patterns simulated using the multislice algorithm (LeBeau et al., 2010a) .
Case study examples
An example of the AlN substrate undergoing the conventional polishing process is shown in Figure 3(A) . When the sample is roughly 30 µm after polishing the first side (Voyles et al., 2003) , it tends to easily cleave as indicated by arrows in the figure. Near the end of the wedge polishing, the tip of the wedge typically fractures/cleaves away as polishing proceeds, leaving behind a fairly thick leading edge. This is critical as the sample should be polished until all of the cleaving is removed; otherwise, the sample can fracture at the cleavage sites. Furthermore, the final sample requires significant ion milling in terms of time and energy.
For a comparison at the same polishing step as Figure 3 (A), the AlN Si-stack is shown in Figure 3(B) . First, cleavage is dramatically reduced, although not completely eliminated. The AlN is, however, now attached to the Si by M-bond. Thus, even though cleavage does occur behind the thin area, the overall sample stays intact. Furthermore, and by contrast to the conventional wedge polishing step where large cracks often form and propagate to the central glue line, the sites at which cracks can form and propagate are minimized. This reduces cracking and cleaving during later polishing steps.
By thinning the substrate from 500 to 50 µm, the fraction of the sample composed of the hard substrate area is reduced by a factor of 10 and proportionally reduces necessary the polishing time. Without the added Si, however, the pressure on the sample would greatly increase for the same load. With Si attached to both polished substrates, the force is instead distributed over a larger area for less aggressive polishing. Moreover, since Si polishes much faster than the chosen substrates, Al 2 O 3 or AlN, the four component cross-sectional stack polishes faster. Finally, from a practical perspective, the Si serves as a contact point for manipulation with tweezers. If a hard, brittle 50-µm-thick sample were to be touched directly with tweezers, it would almost certainly fracture. Although a previous study has thinned the substrate in order to fit the sample inside of a mounting tube, the authors did not indicate substrate polishing to be beneficial to the polishing process and further believed that this would introduce cracking in the thin film and damage the sample (Muller & Abou-Ras, 2004) . We show, contrary to conventional beliefs, that the substrate can be thinned below 50 µm, which greatly aids in the polishing process and is essential for preparing high-quality samples of brittle crystals with high throughput. After thinning the samples to around 50 µm, they are then wedge polished until the greatest number of achievable thickness fringes were present in the substrate for conventionally polished samples (Fig. 3 C) , and until silicon thickness fringes are observed in the substrate thinning method (Fig. 3 D) . Although thickness fringes occur for both samples, the fringes appear more pronounced for the substrate thinning method even though efforts to maximize the thin area for the conventional method were made.
During conventional wedge polishing, the AlN tended to cleave severely at the thin edge, reducing the thin region. Cleaving also occurred for the substrate thinning method; however, more thin area remained intact, likely due to support from the nearby M-bond epoxy. It should be noted that because the samples were bulk crystals with a rough surface, the centre glue line is fairly large. Also, the varying contrast beneath the sample in Figure 3 (D) is due to water that intercalated between the sample and support wax.
After the samples are mechanically thinned, they are ion milled at low energies, 0.8 and 0.5 keV, for 5 and 10 min at each energy in order to reduce sample damage (Süess et al., 2011) . Following ion milling, the samples appeared as in Figures 3(E) and (F). Both samples exhibit thickness fringes that were more intense than the previous step, but the fringes for the substrate thinning method are more so. This difference indicates that the conventionally polished sample requires additional ion milling to achieve similarly thin areas.
A summary of the sample preparation time and cost for the AlN substrate is shown in Table 1 . The polishing time required is significantly shorter for the substrate thinning method than for the conventional method by more than a factor of 4. Even though there is more epoxy curing required for the substrate thinning method, the overall time remains shorter. More lapping films are also used in the case of conventional polishing than for substrate thinning. Finally, the longer polishing and ion milling times increase the cost if the preparation facility charges an operator fee.
Sample quality assessment
Because faster does necessarily equate to better, verification of sample quality is required. High-angle annular dark-field (HAADF) and low-angle annular dark-field (LAADF) STEM images are shown in Figures 4(A) and (B) . The LAADF signal is more sensitive to diffraction contrast and surface layers, whereas HAADF is sensitive to mass-thickness contrast (Yu et al., 2004) . Thin areas are found across the sample, and using PACBED (Fig. 4 C) , the sample is 12 nm in the imaged region, but crystalline regions as thin as 4 nm were also be found. In each case, the atom columns are clearly resolved in each image, with minimal background variation that would result from surface damage indicating the high-quality nature of the preparation. As an added benefit for atomic structure measurements, the silicon acts as a built-in calibration standard that can be used without need to switch to a separate sample (Dycus et al., 2015) .
It is also important that the method be capable of producing large thin areas, which is important for techniques such as dislocation analysis. For demonstration purposes, the AlN thin film grown on sapphire was also prepared by substrate thinning as outlined above. Using bright-field and annular darkfield STEM imaging (Figs. 5A and B, respectively), thin areas large enough (many µm) for thin-film dislocation analysis are readily found. In this case, the threading dislocations are readily apparent and propagate from the Al/sapphire interface. 
Conclusions
Samples of very hard and brittle materials can be readily prepared in cross section using the substrate thinning approach. The total time to prepare the samples can be significantly reduced compared to conventional wedge polishing method. Although we have focused on two case study materials, AlN and Al 2 O 3 , the procedure is readily generalizable to other brittle materials. In addition, because the stacked samples are no more difficult to prepare than silicon, little variation in the methodology between different materials is needed. This expands the robustness of conventional TEM sample preparation by polishing, improves quality control, and minimizes the time required. These considerations are particularly important in industrial research and development settings where high throughput is a priority.
